ABSTRACT The hydrography and circulation of Conception Bay (Newfoundland) are described based on hydrographie, current-meter and drifter data collected over four years (1988)(1989)(1990)(1991). The seasonal cycles of température (-1.6 to 13-17°C) and salinity (31-32.5 
1994) to estimate the residence time for capelin larvae in the bay. The advectiondiffusion model of the larvae suggested a residence time of roughly 30 days for surface waters near the head of the bay.
In this paper we present the results of four years of oceanographic work in Conception Bay from 1988 to 1991. We provide a description of this physical system that will be useful as an example of a coastal embayment and also as a framework in which to understand some of the earlier and ongoing biological studies. The outline of the paper is as follows. In Section 2 we describe the study area, and provide a description of the field work carried out and of the physical data obtained. In Section 3, the hydrography of the bay is described and some analysis is presented of the seasonal variability both in the bay and just outside. Section 4 contains a description of the circulation based upon the Eulerian measurements. Section 5 presents the Lagrangian data. A discussion of the results and a scale analysis for the bay is presented in Section 5 followed in Section 6 by a brief summary.
Study area and methods
Conception Bay is a long (70-100 km) and narrow (~20-30 km at the mouth) bay on the east coast of the island of Newfoundland (see Fig. 1 ). The bay is wide compared with the internal Rossby radius (~l-10 km) but narrow relative to the external Rossby radius (~500 km). The maximum depth in the bay is about 300 m in the central basin. At the mouth there is a sill at about 150-m depth that closes off isobaths in the bay and restricts deep water access. Figure 1 shows that the bottom slope is steep near the shore; indeed, cliffs up to 250 m surround most of the Bay. There are three small islands (Bell, Little Bell and Kellys islands) of varying sizes located on the southeast side of the bay, a shallow region with depths =S6O m (also see Fig. 2 ).
Pack ice often covers the bay from mid-March to late April, though little ice is formed locally in the bay (Cote, 1989) . The local ice concentration in late winter is primarily influenced by ice on the shelf offshore and the presence of onshore winds in the late winter period. Local freshwater runoff is relatively unimportant compared to the influence of ice-melt upstream of the bay, which dominates the surface salinity variability. It is this non-local ice-melt which causes a late-summer minimum in the surface salinity (Mertz et al., 1993) .
Conception Bay opens up onto the Avalon Channel, a pathway for the inshore branch of the Labrador Current (Petrie and Anderson, 1983) . Flow in this channel is southward with a mean near-surface speed of roughly 20 cm s" 1 . Horizontal coherence scales for the low-frequency motion in the channel are low, probably because of instability in the flow. Anderson (1986) showed that the vertical coherence was strong, except near the coast, but horizontal coherences were insignificant at spatial scales beyond 20 km.
Field work was conducted in Conception Bay from 1988 to 1991. CTD casts were made at about 30-40 stations in the bay (Fig. 2 ) on 14 cruises conducted over the four-year period. Not all stations were sampled during each cruise but all the stations were occupied at least twice during each year. On some of the cruises, stations were occupied in the Avalon Channel. Two CTDs were used: a Neil Brown MklllB and a Seabird SBE25. Calibrations and regular field checks were performed on both instruments giving an accuracy of better than 0.01°C, 0.01 for salinity and 0.01 for a,. In addition to the standard sensors, the SBE25 also carried a LiCor light sensor, a Seatech fluorometer and transmissometer. Observations from these instruments were quality checked and averaged to produce smoothed data at 1-m vertical resolution. Current-meter moorings were deployed in three of the four years. Locations of the moorings deployed in 1989 and 1990 are shown in Fig. 2b . The longest time series comes from the 1989 deployment when ~160 days of data were obtained from April to October. The two mooring deployments were directed towards different oceanographic problems. The 1989 array focussed on the mouth of the bay with the intention of defining the circulation across the mouth and providing boundary conditions for a numerical model. The 1990 program, with moorings deployed around the head of the bay, focussed on understanding the wind-forced response in the Kelvin waveguide around the bay. All the current meters measured temperature and conductivity, and some carried pressure sensors. In 1989, Aanderaa RCM4s and RCM7s were used with paddle wheel rotors. The RCM7s were deployed in the near-surface layer, nominally at 20-m depth, and the RCM5s near the bottom at roughly 100-150 m depth. In 1989, three thermistor chains with vertical resolution of 5-10 m were recovered from moorings M3, M4 and M5. The thermistor chain at Ml was lost in 1989. In 1990 a similar mooring structure was used except that InterOcean S4 current meters were deployed in the near-surface layer. All the bottom current meters were Aanderaa RCM5s or RCM7s, at nominal depths of 100 m. Three thermistor chains produced useful data in 1990, from mooring sites H2, H4 and H5. One mooring was deployed over the winter of 1989-90 at Wl with a pair of Aanderaa RCM5s. In 1989, the data recovery was about 65%; in 1990 it was about 90%. In 1989, four of the near-surface instruments were lost to fishing activity though no moorings were lost. Drifters were tracked in Conception Bay in 1987 Bay in , 1988 Bay in , 1989 Bay in and 1991 . Several different types of drifters were released in a variety of configurations at different times and places within the study area (Table 1) . ARGOS drifters that track the surface 1 m of the water column were deployed in 1987 . In 1988 , drifters equipped with radar reflectors were tracked using ship radar. These drifters were usually drogued in the top 10-20 m of the water column. Two types of tracking were used for the radar-reflecting drifters. Type 1 tracking consisted of obtaining drifter positions from photographs of the ship's radar referenced to the ship's heading and position, and was used for tracking a small cluster of many drifters. Type 2 tracking consisted of driving the ship alongside each drifter and using the ship's LORAN-C to position the drifter. This mode of tracking was used when drifters were dispersed over wider areas throughout the bay. In 1989 and 1991, drifters equipped with LORAN-C navigation were used. These drifters tracked the surface mixed layer, with drogues spanning the depth range 5-15 m.
The only suitable wind data for the bay were measured at St John's Airport, about 15 km to the east. Correlations between a short record of wind data collected near the head of the bay revealed r-squared correlations of 0.8 to 0.9. The St John's wind data have also been tested in a reduced-gravity model of the windforced response of the bay reproducing much of the observed response in the bay at periods of 2-10 days (deYoung et al., 1993b) .
Hydrography and seasonal variations
Contours of temperature, salinity and density along the axis of Conception Bay are shown in Fig. 3 , where the plots are for April 1989, when there was no ice present, but are representative of the springtime structure. The 0°C isotherm is near 25-m depth over most of the bay, with surface temperatures from 1 to 2°C. During this spring period, there is no appreciable along-bay surface temperature gradient. Lower surface salinity is found near the head of the bay, with a deeper and sharper pycnocline present there as well. Near the head Ao, from 25 to 50 m is ~0.35 whereas near the mouth ACT, over the same depth range is only ~0.15. The head of the bay is sheltered from the winds in the spring resulting in reduced vertical mixing near the head as compared with the outer bay and the adjacent shelf.
Below 50 m there is little thermal stratification, a result of winter cooling, which causes vertical convection down to depths of 100-150 m. Conception Bay is a cold water system. In April 1989, a density intrusion was observed on the slope 35^5 km from the head (Fig. 3) . On April 17, water on this slope, at 200-to 225-m depth, had CT, = 26.95 whereas at the bottom of station CC3 (290-m depth) CT, was 26.75. Eight days later on April 25, CT, on the slope was 26.77 whereas at the bottom of CC3, CT, had increased to 26.95. indicating that bottom water renewal had taken place. With the limited data in hand, it is not possible to determine the characteristics of this system that control the bottom water exchange (Gade and Edwards, 1980) . Figure 4 shows the same transect along the axis of the bay in November 1989. Comparison of Figs 3 and 4 shows that the thermocline in the fall is much deeper and thicker than in spring. By November the surface layer that develops over the summer has started to deepen as a result of strong fall winds. The 0°C isotherm is also much deeper, between 125-and 150-m depth compared with 25-to 50-m depth in April (Fig. 3) . Bottom water temperatures in November are, however, lower than in April, in spite of the summer heating and increased surface temperatures. In addition, the bottom density is higher by 0.05 kg m~3, the result of an increase in salinity associated with inflow of denser water.
Surface water temperature ranges from -1.6°C in March to 13-17°C in late The surface temperature follows the annual cycle described at Station 27 (Petrie et al., 1991) , located just outside St John's harbour about 15 km south of the mouth of the bay (Fig. 1) . At Station 27, surface water temperature ranges from -1.6°C in March to 16-20°C in late August/September. As one might expect, the temperatures in the bay follow closely those observed outside the bay at Station 27. From 1986 to 1991 bottom water ranged from -0.8 to -1.4°C with no evidence of any seasonal signal. It is expected that the seasonal signal at depth would be small, as it is at Station 27 (Petrie et al., 1991) . The sill, which restricts access to the deep water, will also tend to limit the strength of the seasonal signal.
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The temperature maximum in the surface water occurs just before the salinity minimum in September. The observed lag is the same as that observed on the shelf by Petrie et al. (1991) , who showed that one must consider the advective transport of fresh water to account for the timing of the salinity minimum in the surface water, something that is also true for temperature (Mathieu and deYoung, 1994) . Myers et al. (1990) showed that there is a lag of 3-4 months between sea-ice extent over the Labrador shelf and the observed salinity minimum on the Newfoundland shelf. Thus ice-melt and advection are important influences on the surface salinity and temperatures in Conception Bay, as they are on the shelf.
Eulerian circulation
The Eulerian current-meter data ( Fig. 2b) were collected from spring 1989 to late summer 1990. Two different experiments were conducted. In 1989 moorings were placed inside the bay (Ml, M2, M7, M8) and across the mouth (M3-M6) in an attempt to define the mean circulation and the transport across the mouth. Unfortunately, surface current-meter data were recovered from just two of the moorings, M2 and M3, thus limiting the utility of these data for the intended purpose. In the second year, 1990, the moorings were located around the head of the bay (Hl-H6) to provide information about the coastal wind-forced response. These data are discussed in more detail in a paper applying a reduced-gravity model to the bay (deYoung et al., 1993b) . Over the winter of 1989/90 one current meter was deployed at Wl.
The spectra of the currents are red with marginally significant peaks at the dominant tidal frequencies (Mb and Ki) and also at the near-inertial period (roughly 16.2 h). Figure 6 shows the spring-fall time series of current from station M2 (see Fig. 2b ) together with wind stress calculated using measurements at St John's airport. These data have been low-pass filtered to remove energy at periods shorter than 40 h. Rotary cross-spectral analysis shows that coherence squared «0.4 between the wind and each of the current time series and between the two current records. There is, however, significant coherence between the currents at the tidal and near-inertial frequencies. The ratio of the variance between the surface and bottom currents, with the tides removed, is approximately 4 for the six 1990 moorings (see Table 2 for data on the means and standard deviations of the surface data). As expected, the bottom currents are much weaker than the surface currents. Throughout the spring-fall period there does not appear to be any persistent mean flow, into or out of the bay, in either the surface or the bottom data. The results from this one location in the bay are representative of the flow field in other locations in the bay. At low frequencies and near the shore, the flow is strongly aligned with the topograpy except during the summer.
Autocorrelation analysis (Fig. 7) reveals that the e-folding decorrelation timescale for the Eulerian current field varies from 2 to 8 d. The analysis shown in Fig. 7 These data have all been low-pass filtered to remove energy at periods below 1.5 d and then subsampled to 6-h intervals. North is at the top. Wind stress is plotted using the oceanographic convention; direction is the direction towards which the wind is blowing. was applied to a record obtained by concatenating the summer record from Ml with the winter record from Wl ( Fig. 2b) to give 383 d of surface and deeper currents (nominal depths 20 and 100 m). The results from this analysis are broadly consistent with analysis done on other, shorter current records. The cross-bay component (R x ) exhibits longer decorrelation time-scales than the along-bay component (R y ), and also shows much more tidal influence. The tidal oscillations are more prominent in the deeper (100 m) record, since they make up more of the total variance. The bottom record shows some evidence for an internal response at 3-5 d period that may be associated with an internal seiche. This periodicity is also apparent in the time series plots (Figs 7b and 8b) . The period of the internal seiche is roughly L/c = 2 x (70 x 10 3 /0.5) = 3.2 d where the length L = 70 km, and the internal wave speed c = 0.5 m s^1 is calculated from the vertical density data (deYoung et al, 1993b) . Figure 8 shows the fall-winter time series of wind and currents at a location somewhat closer to the head of the bay (Wl in Fig. 2a ). Again there is weak coherence between the different time series, coherence squared =£0.4. In contrast to the spring-fall data, there does appear to be a persistent mean flow into the bay (southwestwards) in the bottom water during fall-winter particularly from the start of 1990 (beyond day 340). During most of this period, the currents alternate from northeastwards (out of the bay) to southwestwards (into the bay). Note that north is at the top in these plots. This inflow at depth (Fig. 8b) is associated with a flow out of the bay in the surface water that is associated with strong wind events beyond day 340; however, strong inflow is observed with winds blowing towards the northeast (around day 390) and the southeast (around day 370). There is not any clear relationship between the direction of the wind and the current response. This inflow of water at depth, and outflow in the surface water, indicates that deepwater exchange is not confined to the spring period.
Analysis of the current-meter data shows that for almost all records, the mean current is smaller than just one standard deviation, with the tides removed. Although the variance in the surface current is greater than that at depth, by a factor of 4, the means have approximately the same amplitude of 0-2 cm s" 1 (see Tables 2 and 3 ). Plots of the mean currents do suggest that there may be a significant background circulation. A plot of the mean currents from the 1990 near-surface data (Fig.  9a) shows an anti-cyclonic circulation at the head of the bay. The bottom water circulation at the mouth (Fig. 9b) , as determined from the 1989 data, shows a cyclonic pattern that is consistent with the surface drifter data (see Section 5). The outflow in this northeast corner of the bay is consistent with earlier observations reported by Aggett et al. (1986) . These mean current patterns need to be interpreted with some caution because of the strength of the variability, but the data do form a consistent pattern.
Even if we cannot be sure of the mean current pattern, we can infer something about the nature of the circulation by looking at the orientation of the currents in different parts of the bay. Figure 10 combines all the surface data for the bay These data have all been low-pass filtered to remove energy at periods below 1.5 d and then subsampled to 6-h intervals. North is at the top. Wind stress is plotted using the oceanographic convention; direction is the direction towards which the wind is blowing. from 1989 and 1990 . Current rose diagrams show the distribution of direction observations in the data. Observations near the shoreline (H1-H6) show that the flow is guided by the coastal and bottom topography, with the line of the topography indicated in the plots. The one exception to this case is at H4 near the head of the bay, where the mean flow appears to be directed shorewards, as part of what may be the anti-cyclonic circulation referred to above. At the mouth of the bay, near M3, the flow is primarily directed into the bay. In the centre of the bay, near M2, there is no preferred orientation to the flow. These rose diagrams together with the mean circulation plot, present a picture of the circulation in which the flow near the shoreline oscillates parallel to the coastline but the flow in the middle of the bay is variable with no preferred direction and no well denned persistent circulation pattern.
Lagrangian circulation
A composite map of all drifter velocities on a 4 km x 4 km grid is shown in Fig. lla. Experiments consisting of many drifters in a small cluster were subsampled to reduce the number of drifters, so as not to bias estimates of the mean flow field. Also, different experiments obtained positions with different frequencies. Hence we subsampled the data so that drifter velocities were measured over 5 ± 1 h intervals. Figure lib shows the local mean flow field obtained by averaging velocity vectors in each grid of Fig. lla . For most of the bay the mean currents are weak. This is particularly the case near the head of the bay, in the central bay, and along its western side. In these areas the mean current vectors are often oriented in opposition to neighbouring vectors, which further suggests that the true mean currents are smaller than those inferred from our limited data. Current meters typically give mean velocities less than 2 cm s~' at 25-m depth in these areas, as discussed earlier.
In periods of dominantly southwesterly winds we often observed that drifters move out of the bay in the shallow area near Bell Island, Little Bell Island and Kellys Island. There is often an eastwards flow across the outer bay north of Bell Island and out of the bay on its eastern side from the northern tip of Bell Island to Cape St Francis. Drifters leaving the bay in this area usually track within 2 km of the eastern coast at speeds of 10 to 20 cm s~'. This flow is consistent with knowledge of local fishermen, for whom it has been a favoured site for trap fishing. Figure 11 shows a mean southwards flow in the Avalon Channel that is consistent with the inshore branch of the Labrador Current (Petrie and Anderson, 1983) .
Through most of the bay the currents have a small mean value compared with their variability. It is, therefore, important to determine the structure of the variable flow and its scales of variability in order to understand and quantify transport within the bay. Many of the drifter tracks used to compile Fig. 11 are inadequate for studying anything but the simplest properties of the flow field because of poor position-fixing accuracy or too short a tracking period. The following work presents an analysis of one set of drifter observations well suited for examining the nature of variable currents in the bay and the role they play in transporting material within the bay. The drifter trajectories from the July 1991 deployment of 6 LORAN-C drifters are shown in Fig. 12 . All 6 drifters were tracked over the same 10-d interval. Drifters deployed close together frequently have markedly different paths and mean displacements. In Fig. 12a a drifter on the western side of the bay moves first into the bay, then out and finally into the bay. It would be difficult to determine some mean flow pattern from these drifter tracks but we do see evidence of cyclonic eddy structures, especially on the eastern side near the mouth of the bay. The one drifter that migrates cyclonically towards the head of the bay suggests a circulation pattern associated with a coastal jet but, on other occasions, drifters in the same vicinity tracked in the opposite direction and current-meter measurements sometimes suggest a mean anticyclonic circulation at the head of the bay.
The mean Lagrangian velocity was obtained from the average over all 6 drifter trajectories plotted in Fig. 12 and then averaging over the duration of the experiment. The mean Lagrangian along-and cross-bay components are (0.3 cm s" 1 , 0.0 cm s" 1 ) where, for the present purposes, we use an orthogonal right-handed coordinate system with the y-axis aligned along the axis of the bay (~25° relative to true North). The root-mean-square values for components of velocity relative to this mean are (5.8 cm s" 1 , 6.8 cm s"" 1 ), indicating very little anisotropy. Lagrangian velocity autocorrelations give fundamental information about eddy dispersion and transport (Taylor, 1921) . Figure 13 shows the Lagrangian autocorrelation functions R L u(x) and h L (%) calculated from drifter velocity M,-(I -1,2) relative to the above Lagrangian mean for lags up to 100 h.
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The zero-crossings are at 18 and 23 h for the x (along-bay) and y (cross-bay) components of motion; however, these are followed by statistically significant oscillations at larger lags.
The simplest and most widely used way to characterize transport due to variable flow is in terms of the Lagrangian integral time-scale and the eddy diffusivity. Integrating over lags up to 100 h gives integral time-scales of 5.3 h for the crossbay motion and 6.1 h for motion along the axis of the bay. This corresponds to diffusivities of 63 and 102 m 2 s" 1 across and along the axis of the bay, respectively. Over a 10-d period the above mean currents cause displacements of ~2 km, whereas the above eddy-diffusivities cause dispersion over distances of ~10 km from the initial positions. Figure 12 shows that, over 10 d, the drifters typically dispersed over distances of ~25 km from their release position. The separation of the flow trajectory is arrow heads field into a mean advection and fluctuating motion parameterized as an eddy diffusion is a simplistic way of approximating the Lagrangian transport and its variability, because the flow field has structure at all space and time-scales. Trajectories in Fig. 12 suggest that although there may not be any mean Lagrangian flow, there is a tendency for the cyclonic drifter tracks. The mean angular momentum J of the flow field is related to h L (x) by (Middleton and Garrett, 1986) The plot of hi (Fig. 13) shows that the Lagrangian flow is increasingly cyclonic as lags increase to 30 h and becomes less polarized for larger lags.
The above Lagrangian analysis is most useful for determining transport but Eulerian properties are often more convenient for visualizing the flow structure and understanding the flow dynamics. Single-particle Eulerian statistics will, therefore, be computed from the July 1991 data (Fig. 12) . Correlating the velocity at position x and time t with a velocity at position x + r and time t + x gives information about both the spatial and temporal Eulerian structure of a variable flow. Velocity is split into a longitudinal component ui along the direction of r and a transverse component uj perpendicular to r in a right-handed coordinate system. Note, ui and u T are components relative to the direction of the separation vector r. There are insufficient observations to calculate velocity correlations as functions of the two components of r as well as the time lag for t. Consequently we follow Middleton and Garrett (1986) and calculate functions/(r, x) and g(r, x) for the correlations of longitudinal and transverse components of motion as functions of separation scale r = |r| and time lag x.
The estimates of / and g plotted in Figs 14a and b typically have standard deviations of 0.1. The longitudinal motion is positively correlated for spatial lags of order 10 km, although the correlation becomes weak at separation scales larger than 4 km. This high correlation of longitudinal motion at small spatial lags applies to time lags from 0 to 30 h. The transverse motion is positively correlated for separation scales up to 3-4 km and time lags up to 40 h. The Lagrangian integral time-scales are smaller than the Eulerian time-scales, as might be expected given the small Eulerian eddy length scales. Figure 14c is a plot of the helicity function h(r,T), which is obtained from the cross-correlation of lagged longitudinal and transverse components of motion (Middleton and Garrett, 1986) . The helicity is positive, indicating cyclonic motion for time-scales of about 1 d and separation scales up to 20 km. These cyclonic eddies are some of the larger-scale coherent flow structures of the Eulerian eddy flow field.
The above analysis reveals typical statistical properties of the eddy field. Let us now examine the occurrence and properties of specific eddies. In the outer bay, drifter trajectories showed cyclonic eddies once in July 1989 and three times in July 1991. Trajectories indicating anticyclonic eddies in the outer bay were observed once in September 1987 and once in July 1991. The cyclonic trajectory of the LORAN-C drifter in July 1989 is our best example of a drifter tracking a cyclonic eddy in the outer bay because of the high quality of the position fixes and because the drifter tracked the eddy for 66 h after which it was ejected into a flow out of the bay.
The vorticity and other kinematic properties of the eddy flow field can be calculated from a drifter track using the method outlined by Kirwan et al. (1984 Kirwan et al. ( , 1988 , Halide (1992) , and Kirwan (1992) . This method of analysis assumes the flow field can be expanded as a Taylor series in position relative to a flow centre at the centre of the eddy and has been used extensively to study warm core rings (Kirwan et al., 1984 (Kirwan et al., , 1988 . The flow centre tracks the centre of the "elliptical" drifter track. The eddy centre is moving generally northward with a peak speed of about 0.04 m s~l. In contrast the swirl velocity (motion about the flow centre) rotates cyclonically with an amplitude of about 0.15 ms" 1 and a period of 23 h. The eddy has large cyclonic vorticity of 1.2 x 10~4 s" 1 which changes by less than 10% in a 60-h period. Divergence, stretching deformation and shearing deformation are all at least an order of magnitude smaller than the vorticity, indicating quasigeostrophic dynamics.
Mean currents are weak throughout most of the bay. The currents have small spatial coherence scales and fluctuate with time. On this basis ~150 drifters would be required to determine the near-surface velocity everywhere in the bay. Thus we see that in Conception Bay the Lagrangian trajectories might be considered stochastic, even if drifters move in response to a deterministic (but spatially and temporally variable) Eulerian flow field. Nevertheless, the Eulerian flow field appears to be relatively strong near the eastern coastline of the outer bay, and consequently the Lagrangian transport might be locally well described as an advective transport.
Scaling discussion
The data presented show that there is no strong and persistent mean circulation in Conception Bay. In some parts of the bay, for example, at the surface near the head and near the mouth of the bay on the eastern side, there is a weak mean circulation pattern. The drifter data obtained, and the weak spatial coherence in the Eulerian currents, show that there is much spatial and temporal variability in the bay. What then are the important scales and what terms, advection or horizontal diffusion, are most important?
The time-scale for horizontal eddy diffusion K H = 100 m 2 s" 1 to transport material over the horizontal dimensions L = 70 km of the bay is ~280 d. In contrast a mean advection speed of only 5 cm s" 1 would advect material through the bay in only 16 d. The drifter data collected during 10 d in July 1991 suggest that the mean flow is less important than diffusion, where the mean speed is determined from the full set of drifter data. The scale analysis appears to contradict this result since it suggests that brief events (of several days) with large means (of several centimetres per second) may be important in moving water out of, or into the bay, thereby setting the residence time. The spectrum of horizontal motion is, however, continuous and both high and low frequency motions can have small spatial correlation scales. Consequently there is no theoretical basis for dividing the horizontal transport into a mean advection and horizontal eddy diffusion. We shall, therefore, discuss two different approaches. The first uses a diagnostic calculation of the flow field, from high resolution measurements of the density field, to calculate the temporal and spatially variable flow field explicitly and thereby advect material to determine residence times. The second is a simple calculation that uses the fractal properties of the horizontal Lagrangian motion to estimate residence times for the bay. Both give similar results.
A numerical model that applied a diagnostically calculated, hence fixed, velocity field showed that the residence time depends upon variability in the velocity field and/or diffusion (deYoung et al., 1994) . One role of horizontal diffusion is to minimize the influence of any closed circulation features. The velocity field was calculated diagnostically using the density data from the CTD grid shown in Fig. 2a together with the mean wind for the period. The mean residence time for a patch of surface water near the head of the bay was found to be ~30 days. Horizontal diffusivities ranging from 1 to 100 m 2 s" 1 were used. Residence times decreased with increasing horizontal diffusivity, with a particulary sharp dropoff in the residence time for diffusivities above 1 to 10 m 2 s~'. The residence time can also be estimated from the mean surface current. A mean current speed of ~2 cm s" 1 (see Table 2 ) gives a residence time of 40 d, comparable with the estimate produced by de Young et al. (1994) . This estimate of mean current speeds is based upon a steady-state mean, averaged over a period of over 100 d. During the same period the standard deviation can be 1-10 times the means speed. In Conception Bay, the mean current depends upon the time-scale over which we choose to average.
A much simpler statistical calculation of the residence time can be made by using a fractional Brownian motion model for the drifter tracks. Fractional Brownian motion models (Sanderson and Booth, 1991) allow for the existence of long timescales of variability in the Lagrangian motion, such as would be expected from a shear-diffusion model, or the above diagnostic calculation. Recognition of the fractal geometry of particle trajectories enables a simple treatment of dispersion in flows where Lagrangian integral scales cannot be unambiguously determined. In this sense, the fractal view point does for dispersion in self-similar turbulent flows what Taylor (1921) did for dispersion in stationary homogeneous turbulent flows.
The six trajectories in July 1991 give an average divider dimension of 1.2 ± 0.1. This is smaller than, but similar to (within experimental error), values obtained by Obsorne et al. (1989 Obsorne et al. ( , 1990 , Sanderson et al. (1990) and Sanderson and Booth (1991) . A fractional Brownian motion will cause a variance in particle position that grows proportional to time raised to a power equal to twice the reciprocal of the fractal dimension (Sanderson and Booth, 1991) . Thus we obtain the root-meansquare distance (in km) diffused over as the following function of time (in h) where the constant 0.22 is chosen to give root-mean-square velocities of 6 cm s" 1 for velocities obtained from a 1-h sampling interval. This model is therefore based on the above fractal dimension of the drifter tracks and upon the measured rootmean-square value of the velocity components (determined earlier). Sanderson and Booth (1991) provide details on the application of a fractional Brownian motion model to drifter dispersion. The model give a time-scale of 22(42) d for horizontal Lagrangian transport over the 40(70) km length scale of Conception Bay. The fractional description is an incomplete description of the true flow field and does not, for example, contain the clearly discernible cyclonic eddies mentioned earlier.
In addition, the fractal model makes no allowance for a mean circulation. In spite of these deficiencies the residence times are similar to those calculated from the diagnostically calculated flow field (30 d).
Summary
In this paper we present CTD, current-meter and drifter data for Conception Bay, Newfoundland. These data cover the period 1988 to 1991 and provide information about the hydrography and circulation of the bay. Eulerian and Lagrangian current data show that the standard deviation of the surface currents (2-11 cm s~') is much larger than the mean (0-2 cm s~'). Mean currents are weak throughout the bay, although in some locations mean currents do appear to be significant. In most locations the direction of the flow is controlled by the topography. The basin shape in particular plays a significant role in defining the characteristics of the flow field. Tides in the bay are weak, with M 2 and Ki constituent velocities of 1 to 2 cm s" 1 . Deep current records indicate a possible internal seiche with a period of 3-5 d.
The Lagrangian drifter data reveal an integral time-scale of roughly 6 h, with zero-crossings in the auto-correlation function at from 18 to 23 h. Spatial scales of correlation are short, somewhere between 4 and 8 km depending on the location and type of data analysed. Eulerian data show decorrelation time-scales that are much longer (50-200 h) but do show similarly short spatial scales of correlation.
Horizontal diffusivities were estimated from the drifter data to be from 70 to 100 m 2 s" 1 , well within the range of commonly accepted values. Crude estimates for the residence time were provided, developed from different approaches. Simple scale analysis and some Lagrangian analysis suggest residence times of about 40 d. An advection diffusion model of the bay (deYoung et al. 1994) , gives residence times of roughly 30 d, approximately the same.
